The ENFET biodevice integrates on the same chip a field effect transistor as transducer and an enzymatic receptor within a biosensor. This paper presents the global simulations of a MOSFET transistor working as a glucose detector, besides to the computer aided design for the electrodes geometry definition. The values of the simulated parameters prescribe the fabrication process, doping and sizes. A particular experiment for the reference electrode TiAg/AgCl manufacturing is presenting as an original item. Using dedicated software tools, the layers that constitute the fabrication masks for the final ENFET are established, as another novelty of this paper.
Introduction
The Bio-FETs are novel electronic devices that integrate in the same chip a Field Effect Transistor as transducer with a sensitive biological membrane as receptor. The nowadays BioFETs could be DNA-FET [1] , Enzyme-FET (ENFET) [2] , Immuno-FET (IMFET) [3] , Microbial-FET, each of them suggesting the biological recognition technique.
The Bio-FET presented in this paper belongs to the ENFET category, containing a MOSFET transistor coupled to a Glucose-OXidase (GOX) sensitive enzyme.
The target of this paper is to simulate the ENFET device behavior with dedicated microelectronics software and to design the masks levels for the FET (Field Effect Transistor) part. As an original experimental contribution, a reference electrode TiAg/AgCl was integrated into a separate solid-state structure.
The electrodes design is a key step in a biosensor like Enzyme-FET (ENFET) manufacturing. The techniques are borrowed from microelectronics devices [4] and completed with specific frameworks (e.g. for the reference electrode). This gluco-detector contains a specific enzyme, Glucose oxidase, immobilized in the gate space of the MOSFET. The conceptual ENFET is inspired from an amperometric sensor with 4 electrodes: two Work Electrodes (WE), one Counter Electrode (CE) and the Reference Electrode (RE), typically encountered in electrochemical biosensors. Figure 1 presents a cross section through the main ENFET structure. For ENFET the gate role is fulfilled by the Reference Electrode, in contact with the bioliquid solution that reaches the enzyme beyond the active FET channel.
The next paragraph is dedicated to the global simulation of the filed effect transistor, in order to establish the sizes and to predict the performances. 
The global ENFET principle simulation
This ENFET works as a biosensor when constant external potentials are applied on terminals. For a best sensitivity it is recommended a biasing of the transistor in the inversion regime, with low drain-source voltage, [5] . The current variations are directly proportional to the glucose concentration levels. Enzyme catalyzes the oxidation of glucose to gluconic acid and hydrogen peroxide. The channel conductivity is changing, as a result of the additional ions produced at the gate electrode surface. For the enzyme entrapping in the ENFET gate space, a novel technique was previously presented, using an Al 2 O 3 nanoporous film, which acts as an adsorbing layer for the enzyme, [6, 7] .
From the materials point of view, the electrodes are performed by TiPt for the work electrodes and the counter electrode and by TiAg/AgCl for the reference electrode. They can be produced in the planar technology of silicon, by the lift-off technique. But these electrodes work as the Gate-Substrate and Surce-Drain electrodes if they are placed onto a Si wafer within a MOSFET configuration.
The ENFET simulations in ATLAS software started from an initial structure, with an Al 2 O 3 material instead the traditional oxide. The Al 2 O 3 material can be defined in ATLAS as a general insulator, specifying its model parameters (e.g. ε r =8.2, [7] ).
The simulated structure starts from a Si p-type substrate with 50µm thickness and a p-type doping concentration about 5x10 15 cm -3 . The channel length has 50µm and the n-type source and drain regions were defined with 20µm and 20µm on Ox axis: total length90µm. The doping concentration in the source/drain regions was n + -type, with a Gaussian profile reaching the peak of 10 18 cm -3 . Figure 2 presents a detail of the structure near the device surface. Here are visible the source, drain and gate as metallic contacts and the impurities redistribution in n + -well, after a Gauss law. The substrate electrode isn't visible here, being placed at the bottom of the structure. The insulator material was selected as ambient with the Al 2 O 3 properties and 150nm thickness. This ENFET architecture was simulated applying an electrical stimulus on Gate, accordingly with a calibration curve Potential Electrode-Analyte concentration provided by the state of the art of electrochemistry, [7] . Fig. 4 presents the drain current versus the gate voltage that varied between 0V and 1V, which cover the work electrode overvoltage for glucose in GOX presence and for 150nm gate insulator. Also the current distribution vectors are available in fig. 5 . The simulations proved a current ranging from 0.01nA up to 0.8nA when the gate voltage varied in the vicinity of 0.7V, from 0.4V up to 1V. These over-voltages occur for different glucose concentrations, ranging from minimum to maximum (1mM-40mM) near the Reference Electrode. With these studies can be predicted the detector sensitivity, around 5µA/mM. The next step in the ENFET manufacturing is the electrodes geometry design.
The ENFET Layout
In the masks design, two FETs are simultaneously produced within the same chip: one is the active ENFET and the other is a standard MOSFET with similar features, for a permanently comparison. The layers, which will finally constitute the masks, are designed using the standard EDA tool LEDIT from Tanner. The basic structure from figure 6 consists in the active device positioned around the middle and a separate reference transistor, with a standard MOSFET configuration, positioned in the left side of the structure. Figure 6 . The meander instance for the reference transistor (left) and active device (right), both with 10µm channel length Figure 7 . The cellule containing multiple instances for strait channel and meander channel A more generalized version is presented in figure 7 . Both devices are designed with different instances respectively with different channel lengths and also with different geometries: strait channel and meander channel, in order to be able to compare the performances in the glucose detection. After this configuration of the layers, which will need six masks, the output file is exported in GDS format to be used for the mask fabrication.
The reference electrode -an experimental study
Usually the reference electrode from electrochemistry is a metal in contact with a liquid solution (e.g. Ag/AgCl). A key problem in the integrated ISFETs [8] or ENFETs is to produce a solid-state reference electrodes, compatible with the microelectronics technology. Therefore, the reference electrode is performed by Ag layer deposition of 500nm with a rate about 4nm/sec. In order to ensure the silver adhesion, a buffer Ti layer of 50nm is used. Then, the reference electrode with AgCl solid-state material is performed by a selective chlorination thru a photo-resist mask of an Ag film of 100nm thickness. The Ag film deposition in high vacuum at a controlled rate must ensure the adherence of the AgCl to the initial Ag substrate. The entire process occurs into a vacuum deposition installation with electrons beam at a pressure under 6.10 -6 Torr.
The presence of the AgCl at the electrode surface was emphasized at AFM, fig. 8 .a. An interpretation of the AgCl kinetics could be use a complex model that implies the AgCl species forming during the chlorination process, simultaneously with the AgCl adsorption at the molecular level. This nano-layer is firstly created as some insular type depositions, which includes precipitates from adjacent solutions near electrode. The global process consists in a sum of nucleation and growth reactions assisted by diffusion. Consequently, the final reference electrode shows like a rough surface containing a lot of nucleation centers, fig.8 .a.
A separate experiment was performed onto a separate Si simple wafer, using a dedicated mask. Figure 8 .b presents the designed mask for the reference electrode geometry used in this particular experiment.
In table 1 are presented the measured V/I values of the TiAg layer, after vacuum deposition with different thicknesses, at two rates deposition r 1 = 40 Å/s and r 2 =44Å/s. 
Conclusions
This paper discussed some design aspects of a glucose biodetector, besides to the reference electrode microfabrication. Firstly, the study was focused on the global simulation of the ENFET device, in order to establish some key parameters for manufacturing process: a p-type substrate with 50µm...200µm thickness and a doping concentration about 5x10 15 cm -3 , a width of 90µm, a channel length of 50µm, a doping concentration in the source/drain regions n + -type, with a peak of 10 18 cm -3 , the Al 2 O 3 material as insulator layer of 150nm thickness. At a maximum gate voltage, corresponding to a maximum glucose concentration, 30mM, the current reaches 0.8nA. This low current stands for a limitation, which can be overcome by a trade-off between the insulator thinning and its manufacturing thick enough to can entrap the enzyme. Others solutions for enhanced performances are offered by final layout with meanders for the electrodes geometry.
This proposed ENFET structure has some limitations in current. As advantage, it can be flexible manufactured in the microelectronics technologies -including the reference electrode and different enzymes entrapping in order to offer a multi-functional biodevice The configuration with two integrated similar FETs: an active ENFET besides to a standard MOSFET, is suitable in next experiments, in order to perform parallel measurements.
